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Regulation of renal Na-HCO3 cotransporter: IlL Presence and modu-
lation by glucocorticoids in primary cultures of the proximal tubule. We
looked for the presence of the Na-HCO3 cotransporter in primary cultures
of the proximal tubule and examined the modulation of this cotransporter
by glucocorticoid hormones. Primary cultures of the proximal tubule of
the rabbit have Cl-independent, HCO3-dependent 22Na uptake which is
DIDS-sensitive. In addition, in cells loaded with BCECF and perfused
with Cl-free solution, removal of Na was associated with a decrease in
intracellular pH which returned to normal with re-addition of Na. The pH
recovery was not inhibited by EIPA but was sensitive to DIDS. These
findings are compatible with existence of Na-HCO3 cotransporter in these
cells. We examined the role of glucocorticoids on the activity of the
Na-HCO3 cotransporter by culturing proximal tubule cells in the presence
of hydrocortisone and when confluence was reached, hydrocortisone was
deleted from the medium. In the absence of hydrocortisone, the activity of
the cotransporter, measured either isotopically or fluorometrically, was
significantly decreased, whereas re-addition of hydrocortisone 10—8 M,
restored the activity of the cotransporter to normal levels. The effect of
hydrocortisone could not be duplicated by aldosterone, suggesting a
glucocorticoid-dependent effect. Dexamethasone, a glucocorticoid with-
out mineralocorticoid activity, stimulated the activity of the cotransporter
within physiologic concentrations and this effect was blocked by proges-
terone. The effect of dexamethasone was time-dependent and was pre-
vented by cycloheximide, a protein synthesis inhibitor. These results
demonstrate that primary cultures of the proximal tubule have Na-HCO3
cotransporter activity which is modulated by physiological concentrations
of glucocorticoids through a protein synthesis-dependent mechanism.
The role of glucocorticoids in urinary acidification has been the
subject of several studies. Initial clearance studies showed that
glucocorticoids enhance urinary ammonia and titratable acid
excretion [1—3]. Other studies showed the presence of glucocor-
ticoid receptors in the proximal tubule [4, 5], and micropuncture
studies demonstrated enhancement of proximal HCO3 reabsorp-
tion which is mainly mediated by the Na-H antiporter [2]. Studies
of the effect of glucocorticoids on the Na-H antiporter activity in
isolated proximal tubule and in proximal tubule cell cultures have
shown that this hormone stimulates the activity of the Na-H
antiporter through an increased protein synthesis-dependent
mechanism [6]. We have shown that glucocorticoids play a role
Received for publication June 29, 1994
and in revised form December 27, 1994
Accepted for publication December 29, 1994
© 1995 by the International Society of Nephrology
both in the baseline activity as well as in the adaptive increase of
the Na-H antiporter activity in response to respiratory acidosis in
cultured proximal tubule cells of the rabbit [7].
We and other investigators have previously shown that the
activities of the brush border Na-H antiporter and of the basolat-
eral Na-HCO3 cotransporter vary in parallel, that is, hormones or
physiologic conditions which stimulate or inhibit the activity of the
Na-H antiporter have a similar effect on the Na-HCO3 cotrans-
porter [8—13]. The basolateral Na-HCO3 cotransporter is the
main system responsible for HCO3 transport from proximal
tubule cells into the blood [14]. This system has been well
characterized in basolateral membrane vesicles, in micropuncture
studies and in a cell line derived from the monkey kidney [15—19].
We utilized primary cultures of the proximal tubule of the rabbit
to study ion transport in vitro and have shown that these cells have
morphologic, enzymatic and transport properties similar to native
proximal tubule. These cells have Na-H antiporter activity which
shows an adaptive increase in response to respiratory acidosis [7].
It is not known whether these cells have Na-HCO3 cotransporter
activity and whether the activity of this cotransporter, like the
Na-H antiporter, may be modulated by glucocorticoids. In the
present study, we demonstrated that primary cultures of the
proximal tubule of the rabbit have Na-HCO3 cotransporter activ-
ity which is modulated by glucocorticoids.
Methods
Isolation and culture of rabbit proximal tubule segments
The separation of the proximal tubules was done as previously
described [20, 21]. In brief, New Zealand white rabbits (5 to 6 lb)
were anesthetized with nembutal (50 mg/kg). The aorta was
cannulated and the kidneys perfused in situ with sterile serum-free
medium (DMEM/F12) containing particulate iron oxide. The
kidneys were dissected free from the abdominal cavity, the
capsule was removed and the cortex was then dissected free from
medullary tissue and homogenized in a Dounce homogenizer. The
homogenate was serially filtered through three nylon mesh
screens having pore sizes of 250, 74 and 44 microns. The material
which traversed the first screen but was retained in the last screen,
contained both tubules and glomeruli, the latter being removed
with a sterile magnet. The resultant tubule suspension was briefly
exposed to collagenase, and washed twice with DMEM. Electron
microscopy studies of the isolated tubules showed that more than
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98% were proximal tubules. The isolated proximal tubules were
suspended in a serum free growth medium (50:50) mixture of
DMEM and Ham's F12 medium supplemented with 24 mM
NaHCO3, 192 lU/mi penicillin and 200 g/ml streptomycin con-
taining bovine insulin (5 g/ml), human transferrin (5 xg/ml), and
hydrocortisone (10—s M) when indicated, The growth supplement
was added to the medium immediately before use. Proximal
tubules isolated from one rabbit were sufficient to plate 100
35-mm dishes (Corning) in 2 ml medium per dish. The cultures
were maintained at 37°C in a 5% CO2 incubator and pH was
maintained at 7.40. Media were changed regularly every three to
four days. After the cells reached confluency, seven to ten days
after, they were trypsinized and replated on clear plastic cover-
slips. Confluency was reached two to three days after and cells
were then used to measure the Na-HCO3 cotransporter activity.
To examine the role of hydrocortisone or other hormones,
hydrocortisone was deleted from confluent cells for 48 hours, and
it was replaced by hydrocortisone or another hormone and
experiments were performed after 48 hours.
Measurement of Na-HCO3 cotransporter activity in cultured
proximal tubule cells as DIDS-sensitive HCO3-dependent
22Na uptake
Primary cultures of proximal tubule cells grown in monolayer
were scraped, pelleted, resuspended and pre-incubated in buffer
containing 100 mM K gluconate, 80 m sucrose, 10 mrvi HEPES,
pH 7.40, 1 mtvt Mg gluconate, 2 mM CaSO4, 5.5 mvi glucose and
5.0 mM alanine in presence of io— M ouabain and iO M
amiloride for one hour at 37°C. For DIDS-treated cells, cells were
pre-incubated first in incubation buffer in presence of i03 M
DIDS for 30 minutes at 30°C. Reaction was started by addition of
20 d of cell suspension to 90 1u1 of uptake buffer containing 100
mM K gluconate, 10 mivi HEPES, pH 7.40, 1 mM Mg gluconate, 2
mM CaSO, 5.5 mivi glucose, 5 mrvi alanine, 1 tCi 22Na, and 40 mM
Na-HCO3 or 40 mrvi Na-gluconate. The reaction was stopped after
one minute with 3 ml ice-cold incubation solution and then
poured on a 0.45-sm pore size, prewetted Millipore filter. The
filters were washed three times more and radioactivity measured
by scintillation spectroscopy. HCO3-dependent 22Na uptake was
taken as the difference in 22Na uptake in the presence of HCO3
and gluconate.
Measurement of intracellular pH (pH) in cultured proximal tubule
cells and fluorometric assay of Na-HCO3 cotransporter activity
Intracellular pH was continuously measured using the pH
fluorescent probe BCECF [1,2,7 biscarboxyethyl-5(6)-carboxy-
fluorescein]. The cells were bathed in a physiologic solution (see
below) containing 15 pM BCECF-AM at 37°C for 30 minutes. The
coverslip with cells was inserted at 45° into plastic cuvettes and
placed into a thermostatically controlled cell holder of a Perkin-
Elmer spectrofluorometer (excitation wavelength 500 or 450 nm,
emission wavelength 530 nm, slits 5 X 10 nm) and perfused at a
rate of 20 mi/mm at 37°C (see composition of the solution below).
Before each sample measurement, the spectrofluorometer was
blanked with sample of the same amount of cells not loaded with
the fluorescent dye. This was done to subtract the signal from light
and autofluorescence. Nigericin calibration was done after each
experiment to determine pH from the ratio of fluorescence
F500/F450 [22] and buffer capacity was calculated utilizing the
NH4CI loading technique [23].
For most experiments, the cells were grown on coverslips. In a
few experiments, the cells were grown on permeable transparent
support filters which were glued to a hole in a special slide [24] to
demonstrate that the same results are obtained when the basolat-
eral membrane is perfused independently of luminal membrane.
Unpublished observations in our laboratory suggest that the
transepithelial resistance of these monolayers is very low, with PD
of 1 to 2 mV range. This suggests that the paracellular pathway is,
as expected, leaky. The leaky paracellular pathway would allow
rapid equilibration of the perfusate with the lateral spaces of the
cells where presumably the Na-HCO3 cotransporter is located.
The cells were perfused with Cl free solution to eliminate the
contribution of the Na-dependent Cl-HCO3 exchanger or the
HCO3-Cl exchanger to change in pH1. The analogue of amiloride
ethylisopropyl amiloride (EIPA) was used in a concentration of 50
!.tM, which has been shown to be sufficient to inhibit both the
luminal and basolateral (if present) membrane Na-H antiporter in
proximal tubule cells [25].
For assay of the Na-HCO3 cotransporter, the cells were per-
fused first with a Cl-free solution containing in mM: 25 NaHCO3
110 Na gluconate, 5 K gluconate, 9 HEPES, 2 CaSO4 1 KH2 P04,
0.5 MgSO4, 10 glucose and 50 I.tM EIPA at a rate of 20 mi/mm at
37°C. The extraceilular pH was maintained constant at 7.4. Once
a stable fluorescence signal was reached, Na was removed by
replacing Na gluconate and NaHCO3 by equimolar amounts of
choline gluconate and choline HCO3, respectively, at pH 7.4. With
removal of Na, the intracellular pH decreased and when Na was
re-added, there was a rapid recovery of intracellular pH to
baseline levels (Fig. 2). Na-HCO3 cotransporter activity was
assayed as the initial rate of pH recovery following the addition of
NaHCO3 in cells perfused in the absence of Na and was calculated
from the slope of the line drawn tangent to the initial deflection
over a period of one minute (the time it took the solution to enter
the cell was approximately 40 seconds). This recovery of intracel-
lular pH observed with addition of Na was inhibited by DIDS, and
in the absence of chloride and in the presence of DIDS was
attributed to the Na-HCO3 cotransporter [22].
Buffer capacity of the cells was determined from the intracel-
lular pH changes as described [23]. It is calculated as the ratio of
base load to the resulting pH change after removal of NH3/NH4.
In brief, cells were perfused with HEPES-buffered Na solution
containing in mM: 138 NaCl, 4.5 KC1 1.1 CaC12, 1.5 MgCl2 and 15
HEPES. After measuring baseline pH1, cells were perfused with
Na-free solution containing 20 NH4C1, 118 choline Ci, 4.5 Cl, 1.1
CaCl2, 1.5 MgCl2 and 15 HEPES for five minutes. Intracellular
pH increased and reached a plateau upon replacement of Na
with NH4. Subsequent removal of NH4 caused a decrease in
pH1 and readdition of Na resulted in rapid pH, recovery.
The cell buffer capacity was measured from the decrease in pH,
as a result of removal of NH4 using the formula /3 =
pH1, where [NH4]1 is the intracellular concentration of NH4
before removal of NH3/NH4 and calculated as [NH4]1 =
[NH4JO. 10") and zpH1 is the change in pH, upon removal
of NH4.
At least five different experiments were included in each group.
The experiments were performed in a paired fashion with each
preparation serving as a single data point. The experiments in
each preparation, with and without hormone deletion, were used
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as pairs. Results are expressed as mean SEM. The t-test for
paired or unpaired data was used to analyze the data wherever
appropriate.
Results
Na-HCO3 cotransporter activity in primary cultures of the
proximal tubule
We first tested for the presence of Na-HCO3 cotransporter
activity in primary cultures of the proximal tubule by measuring
DIDS-sensitive, HCO3-dependent 22Na uptake in isolated cells.
22Na uptake in cultured proximal tubule cells was measured in the
presence of HCO3 or gluconate and in the absence and in the
presence of 1 mrvi DIDS. The cells were incubated with 10 M
ouabain and io M amiloride or 50 fLM EIPA to inhibit Na-K-
ATPase and the Na-H antiporter, respectively. Figure 1 shows
22Na uptake in presence of HCO3 (Fig. 1A) or gluconate (Fig. 1B)
in the presence and in the absence of DIDS. 22Na uptake in
presence of HCO3 increased over the first thirty minutes and then
decreased towards 60 minutes. Note that 22Na uptake in presence
of HCO3 was significantly higher than in the presence of glu-
coriate. DIDS significantly inhibited 22Na uptake in the presence
of HCO3 but not in the presence of gluconate. In addition, 22Na
uptake in presence of gluconate was not significantly different
than that observed in presence of HCO3 and DIDS. Figure 1C
shows HCO3-dependent 22Na uptake in presence and in absence
of DIDS. DIDS inhibited HCO3-dependent 22Na uptake by 80%
at five minutes and by 50% at ten and 30 minutes.
Figure 2 shows the fluorometric assay for Na-HCO3 cotrans-
porter activity in cultured proximal tubule cells grown in slides
and loaded with BCECF, and fluorescence was recorded at 500
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Fig. 1. 22Na uptake by proximal tubule cells in
the presence of HCO3 (A) and gluconate (B) in
the presence () and absence (0)of1 mM
DIDS. C. The HCO3-dependent 22Na uptake in
the presence and absence of DIDS, a measure
of Na-HCO3 cotransporter activity which is
taken as the difference in 22Na uptake in the
presence of HCO3 and gluconate.
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Fig. 2. Intracellular pH in proximal tubule cells
loaded with BCECF and measured
fluorometrically. Cells grown in slides were pre-
equilibrated and perfused continuously with
physiologic solution containing 25 mrvi NaHCO3
and 50 fLM and EIPA. Extracellular pH was
maintained constant at 7.4. During re-addition
of Na (second arrow), the speed of the chart
was increased to allow an accurate
measurement of the change in intracellular pH.
In Panels A, B and C the same protocol was
c used. Na-HCO3 was removed and replaced with
choline HCO3 (first arrow) and when a decrease
in intracellular pH was observed, choline HCO3
was replaced with Na-HCO3 (second arrow),
except that cells were pretreated with DIDS
(dashed line) in B, and in C the experiments
were performed in the absence (solid line) and
in the presence (dashed line) of 50 rM EIPA.
nm. The cells were perfused continuously with a chloride-free
physiologic solution containing 25 mM NaHCO3. The cells were
perfused with Cl-free solution to eliminate the contribution of the
Na-dependent Cl-HCO3 exchanger or the HCO3-Cl exchanger to
changes in intracellular pH. The analogue of amiloride, ethyliso-
propyl amiloride (EIPA), was used in a concentration of 50 ILM,
which has been shown to be sufficient to inhibit both the luminal
and basolateral (if present) membrane Na-H antiporter in prox-
imal tubule cells. When NaHCO3 was replaced by choline HCO3
(first arrow), a decrease in intracellular pH was observed, but
when choline HCO3 was replaced by NaHCO3 (2nd arrow), the
intracellular pH returned to normal (Fig. 2A). This rate of pH
recovery can be used to calculate the activity of the Na-HCO3
cotransporter. The extracellular pH was maintained constant
throughout the experiment. Not shown was the fact that BCECF
fluorescence at 450 nm remained unchanged throughout the
experiment. The recovery of intracellular pH observed with the
addition of Na was inhibited by DIDS (Fig. 2B), and in the
absence of chloride and in the presence of DIDS, is attributed to
the Na-HCO3 cotransporter [22]. In 12 such experiments, the
activity of the Na-HCO3 cotransporter, thus assayed, was 2.05
0.24 pH/mm. DIDS inhibited the pH recovery in all preparations
but to a variable degree with mean inhibition at 43%. This
inhibition by DIDS is very similar to that observed in Figure 1
where DIDS inhibited the Na-HCO3 cotransporter activity on the
average by 50%. This suggests that DIDS has a similar inhibitory
effect on the Na-HCO3 cotransporter activity whether these cells
are trypsinized and isolated for uptake studies or whether they are
grown in plastic slides. We therefore feel that this fluorometric
procedure assesses the activity of the Na-HCO3 cotransporter.
To determine whether the pH recovery observed with the
addition of Na was related to the Na-H antiporter, we performed
similar experiments as described in Figure 2A in the absence and
in the presence of 50 SM EIPA (Fig. 2C), a concentration which
has been shown sufficient to inhibit the luminal and the basolat-
eral Na-H antiporters [25]. In the absence of EIPA, the pH
recovery was 2.29 0.36 and in the presence of 50 !.tM EIPA was
2.09 0.37 pH U/mm. We also measured HCO3-dependent 22Na
uptake in presence and in absence of 50 jxM EIPA. EIPA did not
inhibit HCO3-dependent 22Na uptake in isolated cultured cells
(2.20 0.70 vs. 2.50 0.50 nmol/mg protein/S mm, NS, N = 5).
Thus EIPA does not inhibit either the recovery of intracellular pH
or HCO3-dependent 22Na uptake, suggesting that the partial pH
recovery observed with DIDS cannot be due to lack of inhibition
of basolateral Na-H antiporter by EIPA.
In cells grown in plastic coverslips, however, this assay does not
distinguish whether the Na-HCO3 cotransporter is in the basolat-
eral or in the apical membranes. Based on the studies showing no
Na-HCO3 cotransporter activity in brush border membranes of
the proximal tubules [26], we have assumed that Na-HCO3
cotransporter in cultured cells is present in the basolateral mem-
branes. In proximal tubule cells grown in permeable support and
mounted in a special chamber to allow perfusion of the basolat-
eral membranes, we tested for the presence of Na-HCO3 cotrans-
porter utilizing identical protocol, and similar results were ob-
tained (data not shown).
Effect of glucocorticoids on Na-HCO3 cotransporter activity
The effect of hydrocortisone (10—8 M) on the activity of the
Na-HCO3 cotransporter was examined by culturing proximal
tubule cells in the presence of this concentration of the hormone.
When the cells reached confluency, hydrocortisone was deleted
for 48 hours and Na-HCO3 cotransporter activity was measured
either by HCO3-dependent 22Na uptake assay or by fluorometric
technique. Hydrocortisone was deleted from one group of cells
(Fig. 3, labeled as — hydrocortisone), while the other group
continued to be exposed to hydrocortisone for 48 hours (labeled
as + hydrocortisone). Figure 3 shows that HCO3-dependent 22Na
uptake was significantly lower in cells in which hydrocortisone was
deleted from the medium for 48 hours than in paired cultures
which were exposed to 10—8 M hydrocortisone (2.34 0.38 vs. 4.33
0.67 nmol/mg protein/S mm, P < 0.01). 22Na uptake in the
presence of gluconate was slightly but not significantly different in
the presence and in the absence of hydrocortisone (1.60 0.3 vs.
1.0 0.3 nmol/mg protein/S mm, paired t = 1.63 P < 0.20),
suggesting that hydrocortisone deletion affects only HCO3-depen-
dent 22Na uptake without significantly affecting diffusive 22Na
uptake.
Figure 4 shows the effect of hydrocortisone on the Na-HCO3
cotransporter activity assessed fluorometrically as described in
Figure 2. The experiments were done in three groups of cells: in
control cells, in cells deleted of hydrocortisone for 48 hours, and
in cells deleted of hydrocortisone for 48 hours and then the
hormone re-added three hours before the experiment. In the
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Fig. 3. 22Na uptake in control proximal tubule cells and in cells deleted of
hydrocortisonefor48 h in presence of HCO3 (El) orgiuconate (speckled bar).
Symbol (•) is HCO1-dependent 22Na uptake, which is a measure of
Na-HCO3 cotransporter activity. P values refer to comparison between
HCO3 and Na-HCO3 cotransporter activity in control and hydrocortisone
deleted cells.
Fig. 4. Na-HCO3 cotransporter activity assayed fluorometrically in cells
grown in physiologic medium with 1O8 M hydrocortisone (El), in cells grown
in absence of hydrocortisone for 48 hr (speckled bar) and in cells initially
grown in medium without hydrocortisone for 48 hr and then the hormone was
added three hours prior to experiment (U).
absence of hydrocortisone, the activity of the Na-HCO3 cotrans-
porter was significantly lower than in the presence of hydrocorti-
sone (1.46 0.69 vs. 1.86 0.I4pHU/min,N= 8,P<0.01). The
intracellular pH was not different in the presence and in the
absence of hydrocortisone (7.29 0.06 vs. 7.19 0.05 p1-I U/mm,
N = 7, NS). The minimal pH observed before Na addition was
also not different between the two groups (5.60 0.16 vs. 5.81
0.11 pH U/mm, NS), Buffer capacity and the decrease in pH
after NH4CI removal were also not different between the two
groups (9.7 1.3 vs. 9.9 1.5 mM/pH unit, NS and 1.28 0.06
Dexamethasone
Fig. 5. Effct of vatying concentration of dexamethasone on the Na-HCO3
cotransporter activity assessed fluorometrically. Hydrocortisone was re-
moved from the medium for 48 hours, then replaced with different
concentrations of dexamethasone and Na-HCO3 cotransporter activity
was measured fluorometrically four hours later.
vs. 1.41 0.08 p1-1 U/mm, NS, respectively). In an additional
group of slides studied in parallel, hydrocortisone was deleted
from the medium for 48 hours and then added three hours prior
to the experiments. As can be seen in Figure 4, addition of
hydrocortisone (108 M) for three hours to cells that had been
deprived of the hormone for 48 hours restored the activity of the
Na-HCO3 cotransporter to control levels (2.18 0.17 pH U/mm).
To test the effect of a glucocorticoid without mineralocorticoid
action on the activity of the Na-HCO3 cotransporter, we per-
formed additional experiments in which the cells were grown in a
normal medium containing hydrocortisone and when they
reached confluency, hydrocortisone was deleted from the medium
for 48 hours and then were exposed to varying concentrations of
dexamethasone (DX) from 10_12 to 106 M or the vehicle
(control) and the Na-HCO3 cotransporter activity was assayed
four hours later. Figure 5 shows that dexamethasone at 1012 M
concentration failed to stimulate the activity of the cotransporter,
but a 26% increase was observed at 10b0 M and 10—8 M. At 10_6
M, the activity of Na-HCO3 cotransporter was increased by 80%.
We also examined the time course of the effect of dexamethasone
on Na-HCO3 cotransporter activity. After a one hour incubation
with i08 M concentration, dexamethasone failed to increase the
activity of the cotransporter while after two and four hours of
incubation, a significant increase was observed (Fig. 6). The
stimulatory effect, however, was no longer present after 24 and 48
hours. To determine whether the lack of effect of DX after 24 or
48 hours was due to degradation of DX, we performed additional
experiments in which fresh DX was added to the cultures every six
and 12 hours, and performed additional experiments after 24 and
48 hours of exposure. Despite the re-addition of fresh DX, the
effect of the hormone was no longer present at 24 or 48 hours.
These results demonstrate that the lack of effect of DX after 24
and 48 hours cannot be explained by degradation of the hormone.
To determine whether the effect of DX to stimulate the
Na-HCO3 cotransporter was dependent on Na-H antiporter ac-
tivity, cells were deleted of hydrocortisone and then replaced with
DX (10 8 M) for four hours in the presence and in the complete
P< 0.005
Control 1O2M 1O°M 1Q°M irM
Cycloheximide Cycloheximide
+ dexamethasone
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Fig. 6. Time course of the effect of dexamethasone on the Na-HCO3
cotransporter activity assessed fluorometrically. Hydrocortisone was re-
moved from the medium for 48 hr and then replaced with i0— M
dexamethasone. Na-HCO3 cotransporter activity was measured after 1, 2,
4, 24, and 48 hours later.
absence of Na to inhibit the Na-H antiporter. In the presence of
Na in the medium, DX significantly increased the activity of the
Na-HCO3 cotransporter as compared to control cells deleted of
hydrocortisone (1.24 0.13 to 1.92 0.09 pH U/mm, N = 9, P <
0.01). In the absence of Na, DX still stimulated the activity of the
cotransporter as compared to control (1.24 0.13 to 1.65 0.09,
pH U/mm, P < 0.05). However, the effect of DX to stimulate the
Na-HCO3 in the presence of Na was slightly but significantly
higher than in the absence of Na (1.98 0.09 vs. 1.65 0,09 pH
U/mm, P < 0.05). These results suggest that the effect of DX to
inhibit the Na-HCO3 cotransporter is, at least in part, dependent
on a functional Na-H antiporter.
To determine whether the effect of hydrocortisone was medi-
ated through a mineralocorticoid effect, the cells were deprived of
hydrocortisone for 48 hours and then treated with 108 M
aldosterone for four hours. Addition of aldosterone (108 M) did
not increase the activity of the Na-HCO3 cotransporter (control
1.15 0.07 vs. 1.09 0.05 pH1 U/mm, N = 5, NS). Thus,
aldosterone did not increase the activity of the Na-HCO3 cotrans-
porter in hydrocortisone-deprived cells, suggesting that the effect
of hydrocortisone is mediated through a glucocorticoid effect. To
further substantiate that this effect of dexamethasone is mediated
through glucocorticoid receptor, we used the glucocorticoid re-
ceptor antagonist, progesterone. In this experiment, cells grown in
slides after reaching confluency were deleted of hydrocortisone
for 48 hours. Dexamethasone 10—8 M was added in one group of
cells, while 10 -8 M dexamethasone and 10_s M progresterone
were added in another group. After four hours, Na-HCO3 co-
transporter activity was measured. Progesterone prevented the
stimulation caused by dexamethasone on the cotransporter (con-
trol: 1.25 0.09, DX: 1.97 0.26, DX + progesterone: 1.35
0.28 pH U/mm; P < 0.00 1 for control vs. DX and P < 0.05 for DX
vs. DX + progesterone), suggesting that the glucocorticoid effect
is mediated through the glucocorticoid receptor.
To examine whether the effect of dexamethasone can be
prevented by protein synthesis inhibitor, the cells were grown with
hydrocortisone and when they reached confluence, hydrocorti-
Fig. 7. Effect of cycloheximide on Na-HCO3 cotransporter activity in ab-
sence and in presence of 10—8 M dexamethasone.
sone was deleted from the medium and 7 LM cycloheximide was
added five hours prior to the experiment to one batch of cells; to
another group, 7 LM cycloheximide was added five hours before
the experiment and one hour later and 10_8 M dexamethasone
was added for an additional four hours. Figure 7 shows that the
effect of dexamethasone was inhibited by cycloheximide (1.60
0.17 vs. 1.95 0.15 pH U/mm, t = 1.54, N = 10, P < 0.20). This
result demonstrates that the effect of dexamethasone was pre-
vented by a protein synthesis inhibitor.
Discussion
The aim of this study was to demonstrate the presence of a
Na-HCO3 cotransporter in primary cultures of the proximal
tubule of the rabbit and to study the modulation of the cotrans-
porter by glucocorticoids. We have previously shown that primary
cultures of the proximal tubule of the rabbit have morphologic,
enzymatic and transport functions similar to that of the native
proximal tubule [20]. We have shown that these cells have Na-H
antiporter activity which adapts to respiratory acidosis, and the
activity of this antiporter is modulated by protein kinase C and by
glucocorticoids [7, 20]. We and others have also shown that the
activities of the brush border Na-H antiporter and the basolateral
Na-HCO3 cotransporter in the rabbit kidney are regulated in
P<o.001
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parallel [8—12]. The presence of the Na-HCO3 cotransporter has
been demonstrated in a cell line of the monkey kidney [19], but it
has not been investigated in primary cultures of proximal tubules
of the rabbit. The results of the present study demonstrate the
presence of HCO3-dependent 22Na uptake in these cells which is
DIDS-sensitive and occurs in the absence of chloride and in the
presence of EIPA. These results are compatible with the existence
of Cl-independent, Na-HCO3 cotransporter as it has been re-
ported for the green monkey cell line [19].
We attempted to further define the cotransporter by utilizing
measurement of intracellular pH with BCECF in cells grown in
plastic slides. These experiments were conducted in presence of
50 M EIPA, a concentration which is sufficient to inhibit both the
brush border and the basolateral Na-H antiporter. We observed
that when the cells were perfused with a chloride-free Na-HCO3
solution, removal of Na was associated with a decrease in intra-
cellular pH which returned to normal upon addition of Na while
maintaining the extracellular pH constant. This protocol is very
similar to that described by Alpern [221, to quantify the Na-HCO1
cotransporter in the rat kidney. We have further shown that the
recovery of intracellular pH with Na was inhibited by DIDS,
although the degree of inhibition varied from 50% to 100% in
different groups of cultured cells. In isolated perfused tubules and
in capillary microperfusion of proximal tubules, the disulfonic
stilbene cause a greater inhibition of Na-HCO3 cotransporter
which may be due to greater penetration/exposure to cells. In our
hands, in basolateral membrane vesicles as well as in the present
experiments, we have consistently observed on the average a 50%
inhibitory effect. We have no explanation for the variable inhibi-
tion by DIDS, but clearly the Cl-independent pH recovery with
addition of NaHCO3 is compatible with existence of a Na-HCO3
cotransporter. EIPA did not inhibit either the pH recovery or
HCO3-dependent 22Na uptake, indicating that the Na-H anti-
porter was not operational under these experimental conditions.
We have taken the rate of pH recovery as an indication of the
Na-HCO3 cotransporter activity, but it is clear that there is either
a component of Na-HCO3 cotransporter activity that is DIDS-
insensitive or alternatively, there is another mechanism for the
recovery of pH that has not been clarified by the present
experiment. Notwithstanding these difficulties, it is clear that the
cells possess a Na-HCO3 cotransporter activity which is regulated
by glucocorticoids and the effect of glucocorticoid can be demon-
strated either through 22Na uptake experiment or by pH recovery.
Taken together, the results obtained with 22Na uptake and with
pH recovery strongly suggest the presence of Na-HCO3 cotrans-
porter. It should be emphasized that the present studies did not
attempt to identify whether the cotransporter is located in the
basolateral or in the apical membranes. We have assumed that the
cotransporter in the cell cultures is located, as it is in the native
cell, in the basolateral membrane, but additional experiments in
cells where the basolateral membranes are perfused independent
of luminal membrane will be needed to verify this contention.
Notwithstanding the exact location of the cotransporter, our
results clearly show that the activity of the Na-HCO3 cotrans-
porter assayed either isotopically or fluorometrically was de-
creased in cells grown in the absence of hydrocortisone, and this
effect could be restored in the same batch of cells exposed to
physiologic concentration of hydrocortisone for four hours. It is of
interest to note that aldosterone did not stimulate the activity of
the cotransporter, strongly suggesting that the effect of hydrocor-
tisone was mediated through a glucocorticoid receptor which has
been identified in the proximal tubule [51. The experiments
showing that progesterone prevented the effect of dexamethasone
is compatible with the hypothesis that it is mediated through a
glucocorticoid receptor.
We have previously shown an effect of hydrocortisone in
physiologic doses to stimulate the baseline activity of the Na-H
antiporter as well as the adaptive increase of this antiporter in
respiratory acidosis [7]. The present studies demonstrate that
physiologic concentrations of hydrocortisone are also needed for
the baseline activity of Na-HCO3 cotransporter. We further
examined the effect of dexamethasone, a pure glucocorticoid, on
the activity of the cotransporter. The results of these experiments
show that physiologic doses of dexamethasone also stimulate the
activity of the Na-HCO3 cotransporter and at 10 M, a concen-
tration 100 times above physiologic level, dexamethasone in-
creased the activity of the cotransporter by 80%. This effect of
dexamethasone was time-dependent in that it took two hours to
become apparent and was maximal after four hours. As has been
reported for the effect of dexamethasone on Na-phosphate co-
transporter, the effect on Na-HCO3 cotransporter was no longer
present at 24 hours, which was initially thought to be due to
degradation of the hormone [27]. The fact that re-addition of
fresh dexamethasone at short time intervals did not increase the
activity of the cotransporter at 24 and 48 hours excludes the
possibility of degradation of the hormone. A similar lack of effect
of dexamethasone on Na-P cotransporter after 24 hours has been
described [27] and was postulated to be mediated by glucocorti-
coid-induced down-regulation of the receptor secondary to pro-
longed stimulation. Since the effect of glucocorticoid is dependent
on protein synthesis, we examined the effect of dexamethasone on
the Na-HCO3 cotransporter in presence of cycloheximide. In cells
treated with cycloheximide, 10—8 NI dexamethasone did not stim-
ulate the activity of the cotransporter. The time dependence of
the effect of dexamethasone and the ability of cycloheximide to
inhibit this effect of dexamethasone is clearly compatible with the
contention that dexamethasone stimulates de novo synthesis of the
cotransporter or of a protein that regulates the cotransporter.
Taken together, our previous results as well as those of other
investigators [6, 7], suggest that glucocorticoids regulate the
activity of the Na-H antiporter and the present studies clearly
show that these hormones also regulate the activity of the
Na-HCO3 cotransporter and thus act on an integrated fashion to
modulate proximal acidification.
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